Oxide multiferroic thin films and heterostructures offer a wide range of properties originated from intrinsic coupling between lattice strain and nanoscale magnetic/electronic ordering. La0.9Ba0.1MnO3 (LBM) thin-films and LBM/BaTiO3/LBM (LBMBT) heterostructures were grown on single crystalline [100] silicon and [0001] Al2O3 using RF magnetron sputtering to study the effect of crystallinity and induced lattice mismatch in the film on magnetic properties of deposited films and heterostructures. The thicknesses of the films on Al2O3 and Si are 70 and 145 nm, respectively, and for heterostructures are 40/30/40 nm on both substrates. The microstructure of the films, state of strain and growth orientations was studied by XRD and microscopy techniques. Interplay of microstructure, strain and magnetic properties is further investigated. It is known that the crystal structure of substrates and imposed tensile strain affect the physical properties; i.e. magnetic behavior of the film. The thin layer grown on Al2O3 substrate shows out-of-plane compressive strain, while Si substrate induces tensile strain on the deposited film. The magnetic transition temperatures (Tc) of the LBM film on the Si and Al2O3 substrates are found to be 195 K and 203 K, respectively, slightly higher than the bulk form, 185 K. The LBMBT heterostructure on Si substrate shows drastic decrease in magnetization due to produced defects created by diffusion of Ti ions into magnetic layer. Meanwhile, the Tc in LBMBTs increases in respect to other studied single layers and heterostructure, because of higher tensile strain induced at the interfaces.
Introduction
The field of multiferroics has seen a revival of scientific and technological interest. Multiferroic materials are known to possess more than one ferroic order parameter, where most of early works on this class of materials were done on structural magnetic ferroelectrics [1, 2] . Research on multiferroics has involved efforts in artificial magnetoelectrics that consists of nano scale films compromising ferromagnetic and ferroelectric materials wherein magnetoelectric phenomena is stablished through interfaces strain [3] . In heterostructures the substrate/film interfaces or ferromagnetic/ferroelectric interfaces become critically important for technological applications. Previous studies have showed the effect of misfit strain caused by lattice mismatch on magnetic and electric properties of films and heterostructures [4] .
Since the observation of colossal magnetoresistance (CMR) effect in La-doped manganese oxides, they have been extensively investigated [5] [6] [7] . La1−xAExMnO3 (AE = alkaline earth) present a wide range of crystal structure and functionalities [2, [8] [9] [10] 4] . The overlap between Mn d orbitals and oxygen p orbitals produces an electronically active band, which can be influenced by the internal stress caused by AE-site substitution [11] . Particularly they are of current interest because in the regime of x < 0.5 they show fully spin polarized ferromagnetic metallic behavior at low temperature and paramagnetic insulator at high temperature [12] . Furthermore, biaxial strain due to the lattice mismatch between thin film and substrate plays a crucial role in controlling the physical proper-ties of thin films, such as Curie temperature (Tc) and magnetic anisotropy [13, 14] .
As a potential candidate for application among these groups of materials, Ba substitution of LaMnO3(La1−xBaxMnO3, referred as LBM hereafter) reveal room-temperature CMR effect [6, 5] and higher Tc in low doping level than other CMR systems [7, 15, 16] . It was shown that La0.7Ba0.3MnO3/SrTiO3superlattice reduces Tc due to compressive strain [17] , while La0.8Ba0.2MnO3/SrTiO3 enhances Tc due to the tensile strain in the film [18] .
BaTiO3 as a traditional ferroelectric is known for its unique piezoelectric behavior, which its diversity of phase transition makes it ideal for scientific research on mechanisms of wide range of structural transition phenomena [4, 19, 20] .
In this paper, we studied the structural and magnetic proper-ties of strained LBM thin films with doping level of x = 0.1, grown on [0001]-Al2O3 and [100]-Si substrates and LBM/BaTiO3/LBM (LBMBT) heterostructures on the same substrates. By comparing the lattice parameters of LBM target and used substrates (a = 4.757Å for Al2O3 and a = 5.431˚A for Si) the lattice mismatch in LBM/Al2O3 (LBMa) and LBM/Si (LBMs) can be derived as δLBMa=−0.18% and δLBMs=−0.03%. The effect of microstructure of strained film on magnetic properties of the films well be accordingly discussed.
Experimental details
La0.9Ba0.1MnO3(LBM) thin films were deposited on [0001]-Al2O3 and [100]-Si substrates by RF magnetron sputtering technique. The substrates were cleaned by acetone and ethanol to remove any kind of impurities on the surface. The deposition process was carried out in a gas mixture of 90% argon and 10% oxygen and a total pressure of 5.5 mTorr, in substrate temperature range of 700-750
To prove the presence of all elements in the films we have used Rutherford Backscattering Spectroscopy (RBS), where He + ions with incident energy of 2000 keV normal to the sample surface and scattering angle of 140
• were used to acquire the data. SIMNRA 6.06 software [21] was used to evaluate the spectra. According to the Kinematic theory of RBS, the energy of backscattered He + ions from the sample can be used to identify elements in the films [22] . According to RBS results, all analyzed films show corresponding peaks of La, Ba, Mn and oxygen in the deposited samples. The crystallinity of the films and heterostructures were studied with X-ray diffraction technique by a Philips X-Pert MRD ® diffractometer in θ-2θ Bragg-Bentano geometry using Cukα radiation (λα= 1.5406Å) and verified by cross-section TEM measurements. While X-ray diffraction yields information on the structural properties averaging over a macroscopic region, HRTEM gives information on the local crystal structure with atomic resolution. All the crystallographic planes and directions of LBM films used in this work are indexed according to orthorhombic notation and crystallite sizes are determined by using Scherrer equation (τ = kλ/βcosθ), assuming k = 0.94 for cubic crystallites. The MPMS-3 superconducting quantum interface device (SQUID) magnetometer was used to study the magnetic properties, in temperature range of 10-350 K and magnetic field up to 2 T. The cross-sectional TEM specimens investigated in this experiment were prepared by mechanical grinding to a thickness of about 10 µm, and then Ar ion milling to reach electron transparency using a Precision Ion Polishing system. HRTEM experiments were done in a JEOL 2200 FS 200 kV FEG, equipped with energy filter and EDS detector and a FEI TITAN80-300 kV with Cs corrector and EDS and HAADF detectors. HAADF and bright field STEM images were taken in the dedicated STEM Hitachi HD2700 equipped with EDS Bruker and nano-diffraction, operated at 200 kV. The subscripts "a" and "s" are the indication of the Al2O3 and Si substrate, respectively. The LBMa thin film adopts the rhombohedral space group with R-3c symmetry following c-axis of substrate, due to the strain from the LBM/substrate interface (PDF file number: 04-013-5744). The (00l) peaks in XRD pattern indicates that the LBMa film follows c-oriented growth with cfilm= 13.5096Å, while extra (012) peak family appears in XRD pattern giving afilm= 5.5221Å, Fig. 1(a) . Therefore, LBMa experiences an in-plane tensile strain in-plane= 16.08%). From the X-ray in-plane and out-of-plane measurements, distortion ratios are calculated as εxx=−0.61% and εzz= 0.43%. These distortions can be used to evaluate the Poisson coefficient ν of the film, εzz = [(ν − 1)/2ν] εxx [23] , which gives ν = 0.41 for the film. This can be compared to previous studies onLa1−xBaxMnO3film [24] . LBMBTa heterostructure is also following c-plane growth, while extra diffraction peaks appear at 2θ = 32.35
Results and discussion
• ,2θ = 38.65
• and 2θ = 83.08
• , corresponding to (104) peak of rhombohedral top LBM layer, hexagonal BaTiO3(003) and (006) [25] , respectively, Fig. 1(b) . The BaTiO3 layer growth shows hexagonal space group with c = 7.000Å, (PDF file number: 01-073-7322). 
. X-ray-diffraction pattern ( θ-2θ scan) of two single layers of LBM films on Al 2 O 3 and Si substrate as well as of two LBMBT heterostructures: (a) 50-nm-thick LBM film on Al 2 O 3 substrate; (b) LBM (40 nm)/BaTiO 3 (30 nm)/LBM (40 nm) on Al 2 O 3 substrate; (c) 145-nm-thick LBM film on Si substrate; (d) LBM (40 nm)/BaTiO 3 (30 nm)/LBM (40 nm) on Si substrate, where L and B indices refer to the top LBM andBaTiO 3 layers, and (e) asymmetrical XRD pattern of LBMBT s heterostructure.
The LBMs thin film presents different crystal structure than LBMa thin film, as shown in Fig. 1(c) . The (110) diffraction peak is assigned as main diffraction peak in single layer, where the peak at 2θ = 26.54 • corresponds to cell parameter of a = 5.4954Å, b = 7.8206Å and c = 5.5656Å. Therefore, the first LBM layer feels in-plane tensile strain (δin-plane= 1.2%) in a-direction and (δin-plane= 2.5%) in cdirection. As the LBM film being deposited on Si substrate, the in-plane lattice tends to adopt the structure of Si and the out-of-plane parameter reacts correspondingly to maintain unit cell volume. It is possible to calculate in-plane and out-of-plane distortion ratios as: εxx=−0.22%, εyy = 0.26% and εzz = 0.06%. BaTiO3 layer is deposited on the (l0l)-oriented LBM layer, adapting its structure to hexagonal space group with a = b = 5.700Å and c = 7.000Å. The temperature dependence of the magnetization in the single layers and heterostructure was measured under applied field H = 100 Oe for field-cooling and results are presented in Fig. 2 . Curie temperature associated with transition from ferromagnetic to paramagnetic phase is defined as the temperature where |dM/dT| is minimum in the M-T curves shown in Fig. 2 . Although the increase in TC from single layer to heterostructure is obvious in both substrates (∼6 K for Al2O3 substrate and ∼20 K for Si substrate), the difference in the values is related to the structural changes and lattice mismatch in films. Comparing the TC value for all the stressed samples LBMs has the lowest one (TC = 194.6 K), which can be related to higher compressive strain imposed by the substrate [5] . Also, measured magnetization at T = 20 K of the films and heterostructures reveal the highest magnetization corresponds to LBMa film. Fig. 4(a) , which does not reach the spontaneous magnetization of polycrystalline bulk La0.9Ba0.1MnO3 ∼ 100 emu/g (∼600 emu/cm 3 ) [15] . The decrease in M may be related to several factors, including possible rearrangement in the Mn O bond length/angle due to the internal strain [5, 26] , oxygen deficiency in film [27] , crystal structure of the film, etc. Also, hysteresis cycles show that LBMBTs has highest coercivity, Hc∼310 Oe at T = 20 K, as shown in Fig. 4(b) indicating all the samples are soft magnets. Dependency of TC to strain in lattice of La1−xBaxMnO3 (0.05 ≤ x ≤ 0.33) thin films was already shown [5, 28] . For the low doped films (x ≤ 0.2), tensile strain was calculated with enhancement of ferromagnetic transition temperature (TC). All low doped films showed TC greater than the one for corresponding bulk composition. As film thickness was increasing, the out-of-plane parameter of the lattice increased, reaching the value of the bulk, whereas the in-plane tensile strain and TC both decreased. Beside of double exchange mechanism via electron hopping through Mn
paths, dependency of TC to in-plane tensile strain was assigned to elongation of Mn O bond distance. In-plane elongation of Mn O bonds in turn will stabilize dx2− y2 character in the occupied eg state, and consequently enhances electron hopping and double exchange interaction in the strained films. Our calculated TC of heterostructure on Al2O3 (209 K) with in-plane strain of −2.9% is greater than the TC of single layer (203 K) with slightly lower tensile strain, −2.72%. However, high TC value (213 K) of grown heterostructure on silicon substrate with in-plane compressive strain of 1.2% does not match with above hypothesis. This inconsistency on describing the trend of TC driven by strain in films was assigned to the primarily effect of change in bond angle in Mn
network under tensile or compressive strains [26] . Beside of purely geometrical factors, electron-phonon coupling was considered to give more accurate trend of TC in strained films of manganite [26] . Recent observation of behavior of TC in films of La0.9Sr0.1MnO3 deposited on three different substrates which imposes films to either tensile or compressive strains did reveal more complex connection of TC and the state of the strain in the films [29] . Depends on the substrate, MgO or SrTiO3, although both impose films to tensile strain, TC can be either higher or lower than the TC of the compressive strained film deposited on LaAlO3 substrate [29] . This study reveals the necessity of considering change in both Mn O bond distance and Mn O Mn bond angle for a qualitative explanation of trend in TC under strain effect, more elaborated than previous explanations. Calculated high TC value of the deposited heterostructure on silicon in our work with compressive strain in compare to those deposited on Al2O3 substrate with tensile strain may originate from complex distortion of the lattice due to different factors in the films. Since growth orientation, nanostructure of the film and composition shift can affect the distortion of MnO6 octahedral, we have performed TEM analysis of the grown films to catch any dis-ordering at the interface and to explore the nanostructure of the films. 
Figure 6. (a) TEM micrograph of LBMBT a heterostructure, the thickness of the layers is 40/30/40 nm, respectively, (b) the interface between bottom LBM layer and substrate, the epitaxial growth of the film is obvious, and (c) the STEM-HAADF micrograph and EELS-mapping of the LBMBT a heterostructure.
Therefore, to shed light on the interplay of strain, chemistry shift and defects in the films on magnetic properties, also our difficulty in phase identification of LBMs, high resolution TEM was done on all the samples. Fig. 5(a) shows flat surface of ∼50 nmthick LBMa crystalline film on Al2O3 substrate. The mosaic structure in film structure reveals (220) oriented epitaxial growth inside each mosaic, twisted with respect to the adjacent mosaic, Fig. 5(c) . Drawing attention to the film/substrate interface an expected sharp interface is missing, which can be attributed to inhomogeneity on provided substrate surface and deposition parameters, especially substrate temperature and deposition time providing a possible diffusion of film into the substrate. Also, the starting point of mosaics are marked with arrows in Fig. 5(c) , showing mosaics with aver-age lateral size of 32.1 nm, well corroborated with value of 36.5 nm calculated from (006) reflection peak in Fig. 1(c) using Scherrer equation [30] . Beside of strain effect on TC, the size of nanocrystalline mosaic observed in TEM was reported to change TC of La0.7Sr0.3MnO3 on SrTiO3/Si [31] [32] [33] . The reduced size of nanocrystallites in our LBM films can minimize the strain effect, which duly increase TC.
The mosaic structure is also visible in LBMBTa heterostructure through all three layers, Fig. 6(a) . However, small bending of boundaries is seen in BaTiO3 and top LBM layer, because of difference in lattice parameters of films inducing non-uniform strain during growth. The substrate/film interface within one of mosaics is shown in Fig. 6(b) , indicating epitaxial growth of (001) planes of film along (001) axis of substrate, also indicated by XRD, Fig. 1(c) . While first LBM layer shows highly oriented epitaxial film, the BaTiO3 and top LBM layer present lower crystallinity. Also, average lateral size of mosaics in different layers are measured as 31.73 nm in bottom LBM, 34.6 nm in BaTiO3 and 31.84 nm in top LBM layer matching the grain size of (006) LBM, (003) BaTiO3and (121) LBM, respectively. STEM-HAADF micrograph and EELS-mapping analysis of LBMBTa heterostructure clarify the diffusion of Ti atoms from BaTiO3 layer into LBM layers, Fig. 6(c) . Considering the mosaic structure, the strain near mosaic boundaries is an additional factor in changing magnetic properties of films and heterostructures [34, 31] . On the other hand, TEM results of LBMs single layer in Fig. 7 shows peculiar crystalline behavior as growth proceeds. The film microstructure altered from completely amorphous structure over a 17 nm-layer of SiO2 to mosaic crystalline structure. As expected from previous studies [35, 36] , lower crystallinity in LBMs film in comparison with LBMa single layer affects the magnetization of the film and diminishes it. Likewise, STEM analysis of LBMBTs in Fig. 8 presents crystallinity on first LBM layer ( Fig. 9 (1)) with some mosaic structure, with average mosaic size of 42.7 nm. Unlike LBMBTa heterostructure, the mosaic structure does not continue through BaTiO3 layer but reappears in top LBM layer, where the average mosaic size decreases to 26.6 nm compared to first LBM layer. Instead, some traces of stress can be seen in BaTiO3 layer, starting from corner of mosaics in first LBM layer and ends to the corners in top LBM layer, marked by arrows in Fig. 8 . This was expected from the XRD results, where the strain in LBM/BaTiO3 interface is different in LBMBTa and LBMBTs, due to different space group of bottom LBM layer. Also, lower crystalline mosaic structure of top LBM layer is visible. Another feature appears in the inter-face of substrate with first LBM layer, where in addition to SiO2 layer the existence of an extra layer with different layer density is observed, Fig. 9(3) . This layer is continuous along the interface and does not present any mosaic structure. The existence of such a layer was observed before on manganite layers on oxide substrate, which found to be weak ferromagnetic or even antiferromagnetic [37] . In summary, dependence of magnetization and TC of LBM films on their microstructure has been studied. The reduction in TC from LBMa to LBMs is explained by increasing the compressive strain between film and substrate. Also, the TC can be affected by observed mosaic structure in the films and heterostructures by width of∼30 nm. The existence of the boundaries in mosaic structure can reduce the strain effect through strain relaxation at the interface and results in reduction of magnetization and TC in manganite films [31, 32] . The magnetization value in heterostructures decreased in comparison with single layer films on the same substrate, while TC increased in both substrates. Although the understanding the role of crystallinity on magnetization of single layers is easy, it is not simple to describe the magnetic behavior in heterostructures as the effect of interfaces with the intermediate BaTiO3 layer should be considered. The first LBM layer experiences the strain induced by the substrate, where the top LBM layer is growing on strained BaTiO3 layer. As the structure of BaTiO3 layer depends strictly on the structure of first LBM layer, it affects the structure of top LBM layer. The lowest magnetization in LBMBTs heterostructure is attributed to the crystallinity of LBM layers, where more defects are created in manganite layers due to the diffusion of Ti ions into ferromagnetic layers. Therefore, it is safe to say that beside of strain, chemistry shift and nanocrystalline mosaic structure can play important roles on magnetic properties of the films and heterostructures.
Conclusions
We have investigated the structural and magnetic properties of LBM thin films and LBMBT heterostructures on Al2O3 and Si substrates. The rhombohedral grown thin film and heterostructure on Al2O3 substrate show out of plane compressive strain in substrate/film interface, while BaTiO3 presents hexagonal space group. LBMBT heterostructure on Si substrate adopts orthorhombic phase with tensile strain in out of plane lattice parameter. TEM/STEM images of the films have revealed formation of mosaic structure with nanocrystallites orientated along growth direction. The lateral size of the nanocrystallites ranges from 25 nm to 45 nm indifferent layers, where the finest value belongs to the top LBM layer in LBMBTs heterostructure. EELS-mapping was used to determine chemistry shift in LBMBTa heterostructure, where diffusion of Ti ions from intermediary BaTiO3 layer into magnetic LBM layers was seen. Compared to the bulk structures, TC of all grown films show obvious enhancement. The direct effect of tensile/compressive strain in films on magnetic properties was discussed. It was concluded that in addition to the strain/stress in the films, transition metal diffusion, oxygen deficiency and fine lateral size of the nanocrystallites in the structure of the films should be taken into account for a comprehensive understanding of the magnetic properties of the deposited La0.9Ba0.1MnO3 films.
